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1. Introduction {#sec1}
===============

The creation of enzymes for the catalysis of reactions that are new to nature will be key to achieving a more sustainable approach to chemical synthesis. Metalloenzymes are particularly of interest because metal cofactors can significantly expand the catalytic repertoire of enzymes beyond what is achievable using canonical amino acids only. Yet even the synthetic repertoire of natural metalloenzymes is limited compared with the vast number of metal-catalyzed reactions at the disposal of the synthetic chemist. Hence metalloenzymes using abiotic metal cofactors, also known as artificial metalloenzymes (ARMs),^[@ref1]^ present an attractive approach toward achieving the enzymatic catalysis of "new-to-nature reactions", that is, reactions that do not occur in nature.^[@ref2]^ Because these ARMs are man-made and do not have the benefit of billions of years of evolution, they are a major test case for our understanding of enzyme design and our ability to create novel "designer" enzymes for a given reaction.

The two general approaches toward novel designer enzymes are either rational, structure-based and/or computationally assisted design, where mechanistic knowledge of the reaction of interest is translated in a protein structure that provides the desired interactions to stabilize the transition states involved,^[@ref3],[@ref4]^ or the nonrational approach involving iterative random mutagenesis and subsequent screening or selection for the activity of interest, also known as directed evolution.^[@ref5],[@ref6]^ Whereas these approaches are often contrasted, they are actually complementary. Rational design approaches have produced some impressive demonstrations of novel enzymes;^[@ref1],[@ref7],[@ref8]^ however, in general, their activities are low, at least compared with natural enzymes. This is because whereas we can construct a rudimentary catalytic site, the fine-tuning of the interactions to achieve highly accelerated catalysis is still beyond our understanding. In contrast, directed evolution does allow for exploring sequence space to achieve optimal stabilizing interactions, but this approach itself is limited by the required availability of a suitable, evolvable starting point that already possesses a basal level of the desired catalytic activity.^[@ref5]^

Hence these approaches are complementary: Rational design can give rise to a rudimentary enzyme that can then can be subjected to the power of biotechnology to give highly active and selective enzymes for new-to-nature reactions. This is where ARMs enter the picture: Rational design, that is, judicious choice of the protein scaffold and a catalytically active abiological metal cofactor and mode and position of attachment, can produce a rudimentary artificial metalloenzyme that can then be evolved toward high activity and selectivity in the catalytic reaction of interest.^[@ref9]^

This Account details the approach used in my research group toward the creation of ARMs for new-to-nature reactions, with the ultimate goal of integrating them in metabolic pathways in vivo and, in this way, augmenting biological synthesis with "unnatural" chemical reactions.

2. Design Considerations {#sec2}
========================

The starting point for our ARM design approach is the notion that the binding of substrates, giving rise to high effective molarities of substrates, is a very important contributor to the enzymatic rate enhancement of bimolecular reactions by removing the entropic cost from the rate-limiting step. Hence the design starts by selecting a protein scaffold that provides a suitable binding pocket ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a).

![(a) Schematic representation of the artificial metalloenzyme (ARM) design concept. (b) Space-filling representation. (c) Ribbon representation of the structure of LmrR (PDB: 3F8C).^[@ref10]^](ar-2019-00004f_0001){#fig1}

However, in the context of enzyme design, it is not advisable to start with a highly specific binding pocket because these are very difficult to optimize. On the contrary, such systems will usually require initial "reverse" engineering. In our experience with DNA-based and micellar catalysis, a pocket that provides more generic binding interactions such as hydrophobic interactions is a good starting point to achieve the moderate binding of substrates and, as a result, significant rate accelerations.^[@ref11]−[@ref13]^

The next step is installing the catalytic machinery that is needed for the reaction of interest. Whereas in nature this often is done by combining residues that by themselves show no appreciable activity in the reaction of interest, in our approach, we introduce an unnatural catalytic transition-metal complex that already has some basal activity in the reaction of interest and that is compatible with the protein scaffold, both structurally and in terms of reactivity. The fact that the design starts from binding and then focuses on introducing the catalytic site has implications. First, the protein binding pocket has to be sufficiently large to accommodate both substrates and the metal cofactor. Additionally, the position of the metal cofactor in the protein scaffold is an important design variable because it should be placed judiciously to allow for effective interactions between the substrates and the catalytic metal. Hence multiple positions for incorporation need to be evaluated, and the one that gives rise to the best results in catalysis is developed further. This is in contrast with most other approaches, which usually start from a predetermined position of the metal cofactor.^[@ref1]^

Combined, this results in a rudimentary ARM, which can then be optimized and specialized for the reaction of interest by fine-tuning the second coordination sphere, that is, the interactions provided by the protein scaffold to bind the substrates and to stabilize transition states with respect to ground states, by rational redesign of the newly created active or directed evolution, as described above.

With this in mind, we have selected multidrug resistance regulators (MDRs) as the basis for our designs. MDRs are regulatory proteins that are involved in the recognition of foreign agents, that is, antibiotics, and the regulation of the subsequent cellular response, which usually involves transcription/translation of efflux pumps.^[@ref14]^ Many MDRs are inherently promiscuous in the recognition and binding of exogenous agents, thus providing a "broad spectrum" defense against antibiotics. A significant number of MDRs contain a large hydrophobic binding pocket for the binding of hydrophobic drugs. These are attractive because organic substrates, which often are hydrophobic, will like to bind here, without this binding being too specific.

We have been particularly interested in the lactococcal multidrug resistance regulator (LmrR), which is a member of the PadR family of MDRs.^[@ref15]^ LmrR is homodimeric and possesses a characteristic typical β-winged helix-turn-helix domain with an additional C-terminal helix involved in dimerization ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b,c).^[@ref10]^ It shows a unique large hydrophobic pore at the dimer interface where planar hydrophobic drug molecules can bind, sandwiched between the indole rings of two tryptophan residues, one from each monomer, that is, W96 and W96′. Crystal and nuclear magnetic resonance (NMR) studies, both with and without drug molecules bound, show that the structure is highly flexible and readily adapts to the bound guest molecule.^[@ref10],[@ref16]^ The size of the pore varies somewhat depending on the guest molecule bound, but a typical volume is ∼1400 Å^3^ (in the case of PDB: 6FUU).^[@ref17],[@ref18]^

Other interesting MDRs for ARM design are those from the TetR family, which includes proteins like QacR,^[@ref19]^ CgmR,^[@ref20]^ and RamR.^[@ref21]^ These are also homodimeric, but in this case, each monomer has a separate hydrophobic binding site that is capable of promiscuous binding of hydrophobic drugs.

Finally, there are a number of practical considerations for the ARM design. One is ease of assembly: For directed evolution and application in vivo, it is essential that the ARM is readily assembled without chemical modification and subsequent purification steps. This effectively rules out covalent anchoring approaches. The other is the flexibility of the design. There is only a limited number of proteins that meet the requirements mentioned above. Hence it is desirable to have a general design of a rudimentary enzyme that can be readily adapted for a new chemical reaction. This means that the initially created ARM preferably has several promiscuous catalytic activities that can be evolved toward the desired activity.^[@ref5]^

3. Artificial Metalloenzymes with Covalently Attached Metal Cofactors {#sec3}
=====================================================================

Our initial efforts were directed toward the covalent anchoring of transition-metal complexes to LmrR, that is, anchoring the metal complexes by conjugating the ligand to a reactive site in the protein. Whereas this is ultimately not the desired approach, as detailed above, it was surmised that this would, in the initial stages of the project, allow for the greatest control over the positioning of the transition-metal complex within the hydrophobic pore of LmrR. On the basis of our previous experience in DNA-based catalysis, we opted for the incorporation of Lewis acidic Cu(II) complexes of 2,2′-bipyridine and phenanthroline ligands.^[@ref22]^ For this purpose, cysteine residues were introduced into LmrR through mutagenesis at positions M89 and N19. Because the protein is a homodimer, all changes to the protein occur twice, which also means that two ligands will be present in the hydrophobic pore ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). The selected residues are at the far end of the hydrophobic pore, thus reducing the possibility of the formation of catalytically inactive ligand/Cu(II) 2:1 complexes. The ligands were attached by cysteine alkylation using bromoacetamide-substituted bipyridine and phenanthroline ligands. The catalytic potential of these ARMs was demonstrated in the Cu(II)-catalyzed Diels--Alder reaction of azachalcone with cyclopentadiene ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}b). The results, including the enantiomeric preference of the reaction, proved to be highly dependent on the nature of the ligand and the site of attachment. The best results were obtained when the Cu(II) complex was anchored at position 89, with 66% ee of the (−) enantiomer of the endo product in the case of an attached Cu(II)--bpy complex (LmrR_M89C_bpy), whereas LmrR_M89C_phen gave rise to the (+) enantiomer of the DA product in the highest yield and 97% ee. In both cases, the reaction was significantly protein-accelerated; that is, much higher yields were obtained in the same time with the ARM compared with the copper complex alone.

![(a) Schematic representation of the preparation of ARMs with covalently attached transition-metal complexes by chemical conjugation of bromoacetamide-functionalized phenanthroline and bipyridine ligands to genetically introduced cysteine residues. For clarity, the modification of only one of the monomers is shown. (b) Diels--Alder reaction of azachalcone with cyclopentadiene. (c) Enantioselective conjugate addition of water.](ar-2019-00004f_0005){#sch1}

This ARM was evaluated in a more challenging reaction: the enantioselective conjugate addition of water to enones, giving rise to the formation of β-hydroxyketone products ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}c).^[@ref23]^ This is a reaction that still has no equivalent in "conventional" transition-metal catalysis. The challenges are the small size of water, the limited reactivity of water at neutral pH, and the reversibility of the reaction. Using LmrR_M89C_phen-Cu(II) as catalyst resulted in 80% yield of the β-hydroxyketone product with 84% ee, which is the highest ee reported for this reaction to date.^[@ref24]^ Again, the reaction proved to be significantly protein-accelerated. A limited mutagenesis study revealed that residues F93 and D100, which are close to the central tryptophan pair, are of crucial importance. It was proposed that F93 is important because of the steric bulk it provides. D100 was suggested to act as a general base in the reaction, activating and directing the water molecule to one prochiral face of the enone (see below).

This study highlighted both the potential of mutagenesis as well as the limitations of covalent anchoring by chemical modification: Because of the additional handling steps associated with covalent modification, the study of site-directed mutants is tedious, let alone that a practical directed evolution protocol could be envisaged. Therefore, this approach was abandoned.^[@ref25]^

As an alternative, we decided to explore methods that allow for the incorporation of a metal-binding ligand during protein biosynthesis using expanded genetic code methods. This can be achieved using the powerful stop codon suppression methodology introduced by Schultz et al.,^[@ref26]^ which allows for the robust and reliable incorporation of an unnatural amino acid (uAA) in response to the amber stop codon (UAG). Since its introduction, the method has been continuously improved, and the robust and reliable incorporation of \>200 amino acids can be achieved.^[@ref27],[@ref28]^ This includes a number of uAAs that contain metal-binding moieties as a side chain,^[@ref29],[@ref30]^ such as (2,2′-bipyridin-5yl)alanine (BpyA).^[@ref31]^

Using an evolved tRNA/aminoacyl-tRNA synthetase (aaRS) pair from *Methanococcus jannaschii*, BpyA was incorporated at various positions in the hydrophobic pore of LmrR ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}).^[@ref32]^ Upon binding of Cu(II), the resulting ARMs were evaluated in the enantioselective Friedel--Crafts alkylation of indoles with α,β-unsaturated 2-acylimidazoles, which showed that incorporation at position 89 (LmrR_M89BpyA) gave rise to the best results in catalysis. The Friedel--Crafts product was obtained in 52--80% ee, which could be slightly improved by introducing an F93W mutation.

![Schematic Representation of the Creation of Artificial Metalloenzymes by Using the Stop Codon Suppression Methodology for the in Vivo Incorporation of BpyAla and the Catalyzed Friedel--Crafts Alkylation Reaction\
\*Sign of the optical rotation of the major enantiomer was erroneously assigned in the original report. Adapted with permission from ref ([@ref32]). Copyright 2015 The Royal Society of Chemistry.](ar-2019-00004f_0006){#sch2}

This approach was extended to MDRs of the TetR family, notably QacR, CgmR, and RamR.^[@ref33]^ In each of these proteins, at various positions, the BpyA was introduced. The best results were obtained with QacR_Y123BpyA, which gave rise to up to 94% ee of the Friedel--Crafts alkylation product. Interestingly, compared with LmrR, in this case, the opposite enantiomer of the product was obtained in excess, showing that these various MDR-based ARMs are complementary.

Having established a proof of principle, we returned to the enantioselective hydration reaction. LmrR_M89BpyA-Cu(II) was indeed proven to be active in this reaction, giving rise to a moderate yield and ee of the β-hydroxyketone product. Instead of immediately embarking on a directed evolution campaign, we decided to first optimize the catalytic machinery using a combination of chemical knowledge and computational methods.

The water addition is known to benefit from base catalysis.^[@ref34]^ On the basis of this, combined with the proposed role of the D100 residue in the covalently anchored system described above, we surmised that judicious positioning of a glutamate residue that could function as a general base in the newly created active site would make it possible to activate and direct the water nucleophile toward the addition from one preferred prochiral face of the enone, giving rise to a faster and more enantioselective reaction.

Using a multiscale computational approach comprising a combination of quantum mechanical (QM) calculations of the substrate-bound Cu(II) complexes, subsequent protein ligand dockings, and MD simulations, ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}), we proposed three mutants that would have a glutamate within the required distance of the β position of the enone to form a prereactive conformation with a water nucleophile during significant amounts of time.^[@ref35]^

![Molecular dynamics simulations of (A) LmrR_M89X, (B) LmrR_M89X_D100E, (C) LmrR_M89X_W96E, and (D--F) LmrR_M89X_V15E, where X = BpyA, showing prereactive conformations, which are identified by the distance of a water molecule to the electrophilic carbon of the enone substrate and the hydrogen bonding to an aspartate or glutamate. Reproduced with permission from ref ([@ref35]). Copyright 2017 The Royal Society of Chemistry.](ar-2019-00004f_0002){#fig2}

The mutants D100E, V15E, and W96E were prepared, and the designs were experimentally validated ([Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"}). Gratifyingly, all three mutants gave rise to an increased conversion of the enone in the same time compared with the LmrR_M89BpyA, as predicted from the simulations. The D100E mutant gave rise to a somewhat lower ee, of the same enantiomer as the wild-type LmrR.

![Hydration Reaction Catalyzed by Designed LmrR-Based ARMs](ar-2019-00004f_0007){#sch3}

The W96E mutant was predicted to give rise to the formation of the opposite enantiomer of the product compared with LmrR_M89BpyA. Experimentally, near-racemic product was obtained, which does imply that the artificial enzyme has an increased preference for the formation of the opposite enantiomer.

The mutant V15E gave rise to both an increase in yield and enantioselectivity of the β-hydroxyketone product. The Michaelis--Menten kinetics showed a three-fold increase in *k*~cat~/*K*~M~ for the LmrR_M89BpyA_V15E mutant compared with LmrR_M89BpyA itself. Notably, the corresponding glutamine mutant, that is, V15Q, gave rise to significantly decreased yields and ee, further supporting the proposal that the placement of a general base at a judicious position with respect to the substrate is indeed a good approach to the design of metallohydratases.

The approach of creating artificial metalloproteins via the incorporation of metal-binding uAAs using the expanded genetic code methodology is not limited to the formation of copper enzymes. It was shown that other divalent first-row transition-metal ions, such asNi(II), Co(II), and Zn(II), are also efficiently bound to BpyA.^[@ref36]^ The corresponding iron protein could also be created, albeit this required the introduction of additional carboxylate moieties in the vicinity of the metal-BpyA site, most likely to act as additional ligands to the iron center.

These artificial metalloproteins were investigated for their potential catechol dioxygenase activity. Surprisingly, upon the addition of di-*tert*-butylcatechol (DTB-C), the formation of a stable radical species was observed that showed characteristic absorptions in the UV--vis spectrum and exhibited an electron paramagnetic resonance (EPR) signal at *g* = 2.003, which suggested it to be a bound semiquinone radical (DTB-SQ, [Scheme [4](#sch4){ref-type="scheme"}](#sch4){ref-type="scheme"}a).^[@ref37]^ DTB-SQ is the intermediate product in the oxidation of DTB-C to the *o*-quinone product (DTB-Q) but can also be generated independently by comproportionation of DTB-C and DTB-Q. The formation of DTB-SQ was observed, to a variable extent, with all of the different metal ions investigated. Yet the EPR signal of DTB-SQ was the same regardless of the metal ion used, suggesting that there was no direct interaction ([Scheme [4](#sch4){ref-type="scheme"}](#sch4){ref-type="scheme"}c). This implies that the metal complex acts as a counterion for the DTB-SQ, which is a radical anion. Remarkably, this species proved to be stable for at least 4 weeks. Presumably, DTB-SQ is bound between the two tryptophan moieties in the hydrophobic pocket, where it is shielded from bulk water, which results in its stabilization. This could be an important step toward harnessing the chemistry of unstable radical species, with potential for novel catalytic chemistry.

![Formation of the DTB-SQ Radical Anion and EPR Spectra of ARM-Bound DTB-SQ\
(a) As one electron-oxidized intermediate product in the oxidation of DTB-C to DTB-Q. (b) By comproportionation of DTB-C and DTB-Q. (c) EPR spectra of LmrR_M89BpyA with various divalent metal ions and bound DTB-SQ. Reproduced with permission from ref ([@ref36]). Copyright 2017 American Chemical Society.](ar-2019-00004f_0008){#sch4}

4. Supramolecular Assembly {#sec4}
==========================

Not only is the promiscuous binding pocket of LmrR suitable for substrate binding but also, in particular, the two central tryptophan residues, W96 and W96′, could be used for the binding of catalytically active planar coordination complexes of aromatic ligands. This approach obviates the need for the covalent attachment of the transition-metal complex and would result in a more dynamic, self-adjustable system. A similar approach has proven beneficial in our previous work on DNA-based asymmetric catalysis.^[@ref38]^

Our first studies focused on Cu(II)--phen, which was shown to exhibit low micromolar binding affinity for LmrR.^[@ref39]^ Combined tryptophan fluorescence and fluorescence lifetime measurements supported the binding of the Cu(II)--phen between the two tryptophan moieties. This was further supported by the fact that the binding affinity was found to decrease with one order of magnitude for the LmrR_W96A mutant.

The supramolecularly assembled ARM, LmrR⊂Cu(II)--phen, showed excellent selectivity in the Cu(II) catalyzed Friedel--Crafts alkylation of indoles with α,β-unsaturated 2-acylimidazoles with up to 94% ee achieved ([Scheme [5](#sch5){ref-type="scheme"}](#sch5){ref-type="scheme"}). The LmrR_W96A⊂Cu(II)--phen system gave rise to a significantly slower reaction and \<5% ee of the product in the case of the 5-OMe indole. This further supports the proposed binding of the Cu(II)--phen complex in between the indole moieties of the central tryptophan moieties.

![Schematic Representation of Supramolecular Assembly of an ARM from LmrR and Cu(II)--phen and an Example of the Catalyzed Friedel--Crafts Alkylation of Indoles\
Adapted with permission from ref ([@ref39]). Copyright 2015 American Chemical Society.](ar-2019-00004f_0009){#sch5}

The generality of this assembly principle was demonstrated by the creation of an artificial heme enzyme from LmrR and a catalytically active hemin cofactor.^[@ref17]^ Recently, heme enzymes have attracted considerable attention because of their ability to catalyze abiological carbene transfer reactions, including cyclopropanations, olefinations, and X--H insertion reactions.^[@ref40],[@ref41]^

Using tryptophan fluorescence titration, the hemin was found to bind LmrR with nanomolar affinity, that is, *K*~D~ = 38 nM. In contrast, no heme binding was observed in the case of the W96A mutant, showing the importance of the central tryptophans. The LmrR/hemin complex formation was further supported by the crystal structure, which showed electron density attributed to the bound heme between the tryptophan indole moieties ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). Whereas the protein structure was well resolved, the heme, without the axial chloride ligand, could be modeled in four different orientations. This already suggested significant structural dynamics in the heme binding, which proved to be important for catalysis.

![Crystal structure of LmrR⊂heme (PDB: 6FUU).^[@ref17]^ The heme is stacked in between the indole side chains of W96/W96′. Four binding modes of the heme were modeled, which differed by rotation around the central heme axis and a flip of the heme resulting from the crystallographic two-fold symmetry. For clarity, only one of the heme binding orientations is shown.](ar-2019-00004f_0003){#fig3}

The LmrR⊂heme assembly was evaluated as a catalyst in the cyclopropanation of styrenes with diazoacetate esters as carbene precursors ([Scheme [6](#sch6){ref-type="scheme"}](#sch6){ref-type="scheme"}). Good activities, that is, several hundreds of turnovers of styrene and a moderate ee of the 1R,2R enantiomer of the *trans*-cyclopropane product, were obtained. This could further be increased by introducing an M8A mutation, which increased the ee up to 51%. The W96A mutant gave rise to similar activity but significantly decreased ee.

![Schematic Representation of an LmrR-Based Artificial Heme Enzyme Created by Supramolecular Assembly and an Example of the Catalyzed Enantioselective Cyclopropanation Reaction\
TTN = total turnover number. Adapted with permission from ref ([@ref17]). Copyright 2018 John Wiley & Sons.](ar-2019-00004f_0010){#sch6}

On the basis of the crystal structure, it is not obvious why the LmrR⊂heme ARM is active because the catalytic iron atom is fully buried within the protein and hence is not accessible. Therefore, computational studies were performed to understand the conformational changes required to make the catalytic iron site available for substrates and allowing for the reaction to take place.

On the basis of the crystal structure, docking studies of heme and the heme-bound carbene intermediate were carried out. For the latter, several low-energy solutions were found with the W96′ rotated away toward the solvent, resulting in space becoming available for the heme-bound carbene. These docked structures were used as a starting point for MD studies ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}), which showed that most clusters of the MD simulation of LmrR⊂heme were in agreement with the crystal structure. However, in the case of the docking of the heme--carbene intermediate, some clusters showed structural changes in the orientation of the α4 helix at the front entrance, accompanied by a flip of W96′ outward, thus creating space. This open space is indeed sufficient to accommodate the heme--carbene complex in the pocket, which was found to be directed toward the solvent, making it accessible for the styrene substrate. Finally, the calculated transition-state structure that leads to the formation of the major enantiomer was studied. The majority of the clusters showed a broader dimer interface, and W96 and W96′ separated further, making the accommodation of the catalytic complex possible. The M8A mutant was subjected to the same analysis, which showed the effect of this mutation to be predominantly steric: It frees up space where the benzene ring of the styrene can be accommodated.

![Representative structures resulting from 400 ns MD simulations of (a,b) the LmrR heme system, (c,d) the LmrR--heme--carbene system, and (e,f) the transition state of the cyclopropanation reaction in the case of (e) LmrR and (f) LmrR_M8A (100 ns MD simulation). Reproduced with permission from ref ([@ref17]). Copyright 2018 John Wiley & Sons.](ar-2019-00004f_0004){#fig4}

These results suggest the importance of structural dynamics in ARMs. This further adds to the attractiveness of MDRs as a scaffold for ARM design because their biological role already requires them to be structurally flexible and dynamic.

5. Combining Covalent Attachment and Supramolecular Assembly {#sec5}
============================================================

As described above, LmrR allows for the covalent attachment of the transition-metal complex as well as supramolecular assembly. Hence we envisioned that it would be possible to combine these different approaches to create ARMs that contain both a catalytic and a regulatory domain. The regulation of catalytic activity is very important in nature, and hence the regulation of ARMs can be expected to become important in hybrid metabolic pathways.^[@ref42]^

The design involved the covalent attachment of a bipyridine ligand at position 104 by alkylation of a genetically introduced cysteine (LmrR_E104C) with the bromoacetamide-substituted 2,2′-bipyridine ligand used in our initial ARM studies (vide supra).^[@ref22]^ When combined with Cu(II)--phen, instead of binding between W96/W96′, the copper complex binds to the bipyridines via its open coordination sites ([Scheme [7](#sch7){ref-type="scheme"}](#sch7){ref-type="scheme"}).^[@ref43]^ The result is that the Cu(II)--phen can longer interact with the enone substrate, and hence no catalysis can occur. The addition of a Fe(II) salt causes the dissociation of the Cu(II)--phen from the bipyridine ligands because the binding of Fe(II) by the two bipyridines, one from each monomer, is thermodynamically preferred. Thus the Cu(II)--phen complex binds between W96/96′, and the catalysis of the Friedel--Crafts alkylation reaction of indoles is "turned on". The activation is metal-ion-selective: Zn(II) salts do not displace the Cu(II)--phen and therefore do not activate the ARM.

![Schematic Representation of the Concept of a Metal-Ion-Regulated LmrR-Based Artificial Metalloenzyme That Is Selectively Activated by Fe^2+^ but Not Zn^2+^ Ions](ar-2019-00004f_0011){#sch7}

6. Conclusions and Outlook {#sec6}
==========================

The work described here shows that LmrR is one of the privileged protein scaffolds for ARMs. The unique promiscuous hydrophobic pore can bind many organic substrates and thus is an excellent starting point for the creation of a novel active site following our design strategy. LmrR is without a doubt one of the most versatile protein scaffolds because it allows for the creation of ARMs via the covalent attachment of transition-metal complexes, either via chemical modification or biosynthetic incorporation using expanded genetic code methods as well as supramolecular assembly.

This versatility is due to its unique structure: The large hydrophobic pore, with its characteristic two tryptophan residues, offers a highly versatile promiscuous binding pocket where, in addition to a catalytic transition-metal complex, a multitude of different organic substrates can bind. The result is a rudimentary metalloenzyme that exhibits moderate levels of catalytic activity for various reactions. Importantly, the binding is not very specific, which means that the rudimentary ARMs can be further optimized, that is, specialized, for the desired reaction.

We propose that in addition to the structural layout of the binding pocket, the structural flexibility and dynamics of LmrR are a key factor in its success. This makes the protein readily adapt its structure to the substrates and the catalyzed reaction. This point is illustrated by the large structural changes of the protein during the cyclopropanation reaction catalyzed by the LmrR-based artificial heme enzyme, as suggested by computation.

The LmrR-based ARMs have proven to be remarkably tolerant to mutagenesis, with both canonical amino acids as well as uAAs. Moreover, LmrR is compatible with a range of different metal complexes, reaction types, substrates, and reaction conditions.

The fact that multiple assembly approaches are readily combined suggests the LmrR structure can be equipped with multiple catalytic functions that can work in concert. For example, synergistic catalysis can be envisioned, in which one reagent is activated by one catalytic moiety and the other is activated by another. This will give access to a completely new classes of reactions.

Finally, the fact that active metalloenzymes can be created by expanded genetic code methods or a supramolecular assembly creates excellent prospects for applications in vivo. This will allow for practical directed evolution approaches to create optimized ARMs for new-to-nature reactions but also suggests the feasibility of integrating the MDR-based ARMs into biosynthetic pathways in vivo to create a hybrid metabolism in which biological chemistry is augmented with new-to-nature ARM-catalyzed reactions.
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